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Abstract. Generating electricity from biomass are undeniably gives huge advantages to the 
energy security, environmental protection and the social development. Nevertheless, it always 
been negatively claimed as not economically competitive as compared to the conventional 
electricity generation system using fossil fuel. Due to the unfair subsidies given to renewable 
energy based fuel and the maturity of conventional electricity generation system, the 
commercialization of this system is rather discouraging. The uniqueness of the chemical and 
physical properties of the biomass and the functionality of the system are fully depending on 
the availability of the biomass resources, the capital expenditure of the system is relatively 
expensive. To remain competitive, biomass based system must be developed in their most 
economical form. Therefore the justification of the economies of scale of such system is 
become essential. This study will provide a comprehensive review of process to select an 
appropriate size for electricity generation plant from palm oil mill (POM) residues through the 
combustion of an empty fruit bunch (EFB) and biogas from the anaerobic digestion of palm oil 
mill effluent (POME) in Peninsular Malaysia using a mathematical model and simulation using 
ASPEN Plus software package. The system operated at 4 MW capacity is expected to provide 
a return on investment (ROI) of 20% with a payback period of 6.5 years. It is notably agreed 
that the correct selection of generation plant size will have a significant impact on overall 
economic and environmental feasibility of the system. 
1.  Introduction  
The transition towards non-fossil electricity has been an inspiration for many countries of the world 
for many years. Factors such as the finite nature of fossil fuels, volatility of the global oil market 
prices, electricity supply security and limiting global warming to no more than 2˚C are among the 
main drivers for this transition. Lignocellulosic plantation residues (e.g palm oil empty fruit bunches, 
rubber, sugar cane baggase, forestry and timber processing residues) and their availability, indicate a 
high potential for use as an alternative fuels for sustainable electricity generation [1]. This potential 
encompasses several other advantages e.g carbon footprint reduction from electricity generation, 
facilitating ‘waste to resources’ transition, supporting integrated waste management system and 
contributing to local social-economic development [2]. In Malaysia, palm oil reported to be the major 
commodity harvested between 2000-2014 compared to rice, cocoa and rubber. According to the 
Malaysia Economic Statistics Time Series 2015 report, 72.7 million tonnes of palm oil fresh fruit 
bunch (FFB) was harvested from 4.6 million hectares of palm oil cultivation in 2014 [3]. This makes 
the oil palm industries the largest contributor of plantation residues with more than 95% of the 
country’s total accumulated value. In 2015, it has been further estimated that 175.6 million tonnes wet 
of field and processing residues was produced from 95.38 million tonnes of FFB [4]. The potential 
electricity generation capacity from empty fruit bunch (EFB) and biogas from the anaerobic digestion 
of palm oil mill effluent (POME) in 2015 has been estimated to be 9.7 million MWh and 3.3 million 
MWh respectively. However, only a very small fraction of these amounts (approx. 13,600 MWh) were 
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actually generated, showing that a substantial gap exists in delivering the full potential of this biomass 
feedstock for electricity production. To date, relatively few attempts have been made to provide 
suitable business cases to identify the economies of scale of the generation plant to optimize delivery 
of both economic and environmental benefits. Such business cases can serve as an appropriate 
technological and investment solutions to reduce the gap between aspiration for, and implementation 
of, renewable, sustainable electricity generation from palm oil residues.   
2.  Objective 
The research undertakes a detailed resource and system analysis to identify the opportunities and 
constraints in developing the maximum potential for electricity generation from the combustion of 
palm oil EFBs and biogas from POME. 
3.  Methodology 
A comprehensive technical, economic and environmental evaluation for a combined heat and power 
(CHP) system has been conducted based on the process flowchart in Figure 1. The works has been 
conducted in five different stages begins with the resource scoping activities to establish the full range 
of potential generation plant size according to the amount of available residues. The scaling process is 
based on a combination of top-down and bottom-up resource assessment of the current availability of 
EFB and POME residues from palm oil mill operations in Peninsular Malaysia. A well-established 
CHP system was selected for this work due to its capability to co-generate heat and power in the same 
generation plant and having better overall efficiency as compared to only generating electricity [5,6]. 
A conventional CHP configurations using multiple combination of input fuels as listed below are used 
in this work to extend the versatility of the technology.  
 Configuration 1 – Conventional CHP configuration using EFB as a single input fuel to the 
boiler. 
 Configuration 2 – Conventional CHP configuration using biogas as a single input fuel to 
the boiler. 
 Configuration 3 – Conventional CHP configuration using EFB and biogas as an input fuels 
to the boiler. 
 Configuration 4 – Conventional CHP configuration using EFB as an input fuel to the boiler 
and biogas as an input to a gas turbine. 
 
The amount of potential electricity generation from EFB and biogas are obtained from theoretical 
calculation and simulation process using Aspen Plus software taking consideration of stoichiometric 
condition of full combustion process as suggested in reference [7]. Such techniques are also been 
adopted in other CHP technical performance evaluation studies [8,9]. In order to determine the amount 
of potential electricity generation, the extractable heat from the biomass boiler is first to be quantified 
using Eq. (1). 
 
   
       
         
                                                                           (1) 
 
where     
     is the total extractable heat from biomass i via biomass boiler in configuration n,  
    is 
the fed rate of the biomass i ,     is the calorific value of dried biomass i and    
       is the efficiency 
of the boiler in configuration n. The efficiency of biomass based boiler can reach 80% - 90% when it 
is installed in a CHP system [10]. For this work, an average boiler efficiency of 80% is used 
throughout the analysis.   The extractable heat from the biomass boiler is then used as the input to 
produce high pressure superheated steam (50 bar, 500˚C) to full fill the mill’s routine operation steam 
demand and for electricity generation purposes.  
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Summary of workflow: 
 
 
Figure 1: Technological assessment framework for optimizing CHP for oil palm residues 
 
From the amount of extractable heat quantified from Eq. (1), the total mass flow rate of the steam 
generated (         can be calculated using Eq. (2). 
   
               (                 (       )                                (2) 
 
The operating condition of steam generation given as: 
 Specific enthalpy of superheated steam (    ) = 3433.7 kJ/kg. 
 Specific enthalpy of saturated steam (    = 2794.2 kJ/kg at 50 bar. 
 Saturation temperature of steam (      = 264˚C at 50 bar. 
 Temperature of BFW (      = 105˚C. 
 Heat vaporization of water (     ) = 1639.6 kJ/kg. 
 Heat capacity of water (  ) = 4.187 kJ/kg/˚C. 
 
The available steam flow rate for electricity generation (       can be derived from Eq. (3) where  
      is the steam demand from the mill. 
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                                                                                    (3) 
 
Note that, the mass flow rate of the steam fed back to the mill must be not more than 50% of the total 
flow rate of the steam generated to adhere the condensate steam turbine requirement for electricity 
generation. In due course to maximize the electricity generation potential for this study, the heat from 
the combustion flue gas is used to dry the EFB from 60% to 11% moisture content [11,12]. Drying the 
EFB is needed to maximize the recoverable energy from the fuel, improve the efficiency of the boiler 
and to reduce the air emissions.    
A techno-economic assessment spreadsheet is used as a tool to measure the economic and 
investment feasibility of the CHP system as described in detail in Ng & Sadhukhan and Patel et al. 
[13,14]. Two different scenarios pertaining the existence of grid connection from the proposed 
generation location to the national grid is used to represent the actual implementation conditions of 
such system in Peninsular Malaysia. This scenario will evaluate the volatility of capital and 
operational expenditure of the CHP system. The assessment method suggested in Wan et al. is adopted 
for plant lifetime of 15 years and interest rate of 12% [7]. The total capital expenditure (CAPEX) for 
the CHP is the summation of direct capital cost, indirect capital cost, working capital and cost of 
installation of the new electricity distribution inter-connection cost. For solid-liquid based electricity 
generation plant, the summation of direct capital cost, indirect capital cost and working capital can be 
specified as 5.03 of the total delivered cost of equipment (DCoE). In order to estimate the DCoE, list 
of required equipment with the designated size is prepared and the concept of economy of scale and 
capital cost index is used to calibrate the cost to the present DCoE. The operational expenditure 
(OPEX) for the CHP can be define as the gross value of direct production cost (fixed OPEX + variable 
OPEX) and miscellaneous cost. The development of POMR-SES will be within the mill compound 
thus the feedstock will be supplied by the mill with no cost. The number of workers employed is based 
on the generation plant scale. The workers worked 10 hours per day and paid on the basis of USD 10 
per hour. ROI and simple payback period (SPP) and discounted payback period (DPP) are used as an 
economic and investment indicators to measure the economic and investment competitiveness of the 
system. The revenue counted for this analysis are coming from selling the surplus electricity to the 
grid, claiming the eligible FiT rates and the saving from the mill’s steam and electricity self-
sufficiency. The CHP system was then co-evaluated using life cycle assessment method to establish 
the CHP individual environmental profile by quantifying the carbon emission saving (     per year 
as compared to the conventional fossil generation [15]. The value of carbon emission saving from the 
electricity generated in the CHP (      can be identified using Eq. (4): 
 
                                                                                                                                   (4) 
 
Given the carbon emission factor of electricity from the grid (        = 0.899 kg CO2 / kWh and 
operating hours of the CHP is 8000 hours/year [7]. Multi criteria decision making analysis is 
employed to justify the appropriate scale of generation for various cases to meet combined/optimized 
economic and, environment (and, less formally social) constraints to foster future decision making and 
planning on potential implementations of POMR-SES [16,17]. This equitable assessment results is 
then compiled and proposed as an effective operational and/or business plan to assist in the 
implementation of the POMR-SES schemes considering business risk and an equalable balance 
between human development and sustainable technology. 
4.  Results & Discussion 
4.1 Resource Scoping  
The amount of potential electricity generation from EFB and biogas are accounted based on the 
residues production report obtained from series of visit to selected mills across Peninsular Malaysia 
and from a full residue production report of 236 POM operated in Peninsular Malaysia obtained from 
a reliable data base. This allows the full-range of potential electricity generation been translated more 
accurately.  The statistics are then further anticipated using a standard waste-to-energy conversion 
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method demonstrated in [15,16]. These references treated EFB and biogas as a stand-alone fuel for 
combustion (similar to Configuration 1 and Configuration 2 in this study). The full-range of potential 
electricity generation is classified into small (< 3 MW), medium (3-10 MW) and large (>10MW).  
Table 1 summarized the result for the resource scoping phase. From the tabulated results, it was found 
that Configuration 3 which is combusting EFB and biogas in the same boiler giving the largest 
potential of electricity generation (25 MW) followed by Configuration 4 (20 MW), Configuration 1 
(15 MW) and Configuration 2 (5 MW). However, any mill intended to employ Configuration 1 and/or 
Configuration 2 to generate electricity must ensure the availability of  4500 tonne EFB and 20000 
tonne POME every year to obligate Eq.(3) and the note that following the equation about the mass 
flow rate of the steam for electricity generation. Therefore, the minimum size for Configuration 1 and 
Configuration 2 is 0.28 MW and 0.68 MW respectively.   
    
Table 1: Full-range of potential electricity generation from EFB and biogas in Peninsular Malaysia 
Items Standard 
(MW) 
Theoretical Calculation 
(MW) 
Aspen Plus Simulation 
(MW) 
Configuration 1  0.08 – 16.00 0.07 – 15.00 0.08 – 15.00 
Configuration 2 
Configuration 3 
0.00 – 4.00 
             - 
0.00 – 5.00 
1.00 – 20.00 
0.00 – 5.00 
1.00 – 25.00 
Configuration 4 - 1.00 – 18.00 1.00 – 20.00 
4.2 Techno-economic Assessment   
In this work, the techno-economic assessment was conducted for two scenarios to find the optimal 
scale of the POMR-SES that provide at least 20% ROI, reasonable SPP and DPP.  The scenario was 
selected because the POMR-SES will required a new electricity distribution inter-connection to supply 
the surplus electricity to the national grid. This will allow an evaluation of the significant effect of new 
electricity distribution inter-connection cost on the economic performance of the POMR-SES. It was 
quoted that, the installation cost of new electricity distribution inter-connection is USD 312,500 per 
kilometer. The distance of the new electricity inter-connection is kept at 5 km. Table 2 illustrates the 
result of the selected indicator for both scenarios. In order to operate above reasonable chance of being 
economically viable, the plant should be operated at the optimum size of 4 MW for Scenario 1 and 4.5 
MW for Scenario 2. In favor of coping with the ROI and payback period of palm oil mill cultivation, 
the plant should be running at a scale of 7.5 MW. It was found that, there are a significant effect of 
new electricity distribution inter-connection cost on the overall economic performance of the system.  
 
Table 2: POMR-SES optimal size economic performance 
 
Plant Size 
(MW) 
 
ROI 
(%) 
Scenario 1 
SPP 
(years) 
 
DPP 
(years) 
 
ROI 
(%) 
Scenario 2 
SPP 
(years) 
 
DPP 
(years) 
0.28        -193.00 5.50 >15.00 -249.00 5.50 >15.00 
4.00 
4.50 
 20.00 
 31.00 
3.00 
3.00 
    6.50 
    5.50 
3.20 
  21.00 
 3.00 
  3.00 
   7.00 
   6.50 
7.50  90.00            2.50     4.50 80.00   2.75    4.50 
 
 
4.3 Environmental Profile 
The environmental profile of the POMR-SES is the measure of the amount of carbon dioxide (CO2) 
saving as compared to the conventional central generation that been dominated by fossil fuel. The 
amount of CO2 saving based on the optimal size of POMR-SES is shown in Table 3. 
 
Table 3: CO2 saving from electricity generation from EFB and biogas 
 in Peninsular Malaysia 
Plant Size 
(MW) 
Standard 
(tonne CO2/y) 
0.28 2014 
4.00 
4.50 
28800 
         32400 
7.50 54000 
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4.4 Multi-Criteria Decision Making 
Multi criteria decision making technique is applied to identify the most convincible optimize 
solution(s) for POMR-SES based on multiple criteria set from the economic and environmental 
perspectives. In the interest of promoting an effective operational and/or business plan and to attract 
the stakeholder engagement, the main criteria to be met is providing a ROI of 20% within a reasonable 
timeframe with admissible amount of CO2 saving. A dedicated multi criteria decision tree from the two 
scenarios assessed before can be internalized through Figure 2. 
 
 
  
 
 
 
 
 
 
 
 
Figure 2: Multi-criteria decision tree   
4.5 Implementation Framework  
A compilation result of an extensive techno-economic and environmental assessment for site specific 
optimal size POMR-SES can use as a standard implementation framework to stimulate the good 
business environment for the investor and other stakeholders to get in to the renewable energy 
electricity generation based business.      
5.  Conclusion  
The relatively slow pace of implementation of electricity generation from PO mills in Peninsular 
Malaysia does not appear to be due to a lack of available technologies, specific scientific data or even 
some supportive policies. Rather is seems to result from shortage of systematic, techno-economic and 
risk modelling and demonstration of specific benefits and uncertainties on a case-by-case basis and on 
inertia by the industry to enter the space due to understandable priority focus on meeting demand in 
robust primary markets for crude palm oil. From the perspective of economic viability, only medium 
size and large size POMR-SES are eligible to become the independent power producers (IPP) in 
Peninsular Malaysia. To qualify as one of the IPP, the mill should produce at least 65,000 tonnes of 
EFB and about 136,000 tonnes of POME every year. The research that described in this paper to 
identify the optimal business, environmental and societal cases for POMR-SES scheme should be 
consider as the necessary steps in encouraging the PO industry and government institutions to develop 
investment and support mechanism that will enables this important potential resources of sustainable, 
low carbon electricity to be tapped effectively.             
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